Magnetic force microscopy ͑MFM͒ with in situ magnetic fields was used to classify and determine the distributions of magnetic domain structures in 190-nm-thick Ni 81 Fe 19 particles with diameters from 850 to 250 nm. A deposition induced perpendicular anisotropy energy resulted in a simple stripe domain pattern observed in MFM images on unpatterned witness films. The domain structures in the particles are not stripes but consist of a small number of distinct magnetization states for each diameter of particle. Repeated in-plane magnetic field saturations were applied to effectively anneal the magnetic states of an array of same diameter particles. For some of the states Boltzmann statistics were used to calculate an ''energy ratio'' of the particles magnetization states based on the observed distribution for each diameter.
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I. INTRODUCTION
Current research indicates that as the physical size of magnetic elements in recording heads, media, and memory decrease, the micromagnetics of submicron magnetic particles becomes critical. [1] [2] [3] [4] In this study we observed magnetic domain structures in cylindrical particles with diameters from 250 to 850 nm and a constant height of 190 nm of Ni 81 Fe 19 . The particles had a induced anisotropy energy easy axis which was aligned with the cylinder axes. This anisotropy energy was determined by vibrating sample magnetometry ͑VSM͒ and the observation of stripe domains in magnetic force microscope ͑MFM͒ images, both on unpatterned witness films. In arrays of identical diameter particles, a fixed number of unique magnetization patterns were observed instead of stripe domains using high resolution MFM ͑HRMFM͒. The number of magnetization patterns varied between one and four, with single domain behavior observed in the smaller particles and four distinct domain configurations in the larger particles. Repeated saturation of the magnetization with an in-plane magnetic field resulted in a randomizing of the magnetization states in specific particles. Although the in-plane magnetic field ''annealing'' altered the observation of states in a specific particle, the frequency of occurrence of a given state in the array was constant within the statistical fluctuations. The frequency of occurrence for each unique magnetization state in a given diameter was used to calculate energy ratios for those states using Boltzmann statistics.
II. EXPERIMENT
Films of Ni 81 Fe 19 were deposited at a rate of about 0.7 nm/s to a thickness of 190 nm by thermal evaporation onto silicon ͑100͒ substrates at pressures less than 1ϫ10 Ϫ5 Torr. The magnetic properties of the films were determined by VSM on 1 cm square witness samples. The in-plane coercivity, determined by the hysteresis loops, was on the order of 10 Oe. The perpendicular-to-the-plane hysteresis loops revealed an anisotropy energy easy axis direction as expected for the deposition conditions. 5 MFM images of the films revealed a stripe domain pattern with a period of about 400 nm.
Particle arrays ͑250 particles/array͒ were fabricated by deposition through an electron beam lithographically defined mask and then liftoff. Particle diameters of 850, 750, 600, 400, and 250 nm were determined by scanning electron microscopy, and magnetic domain structures were measured using HRMFM electron beam deposition tips, 6 with Digital Instruments™ scanning probe microscopes. The HRMFM advantages of improved spatial resolution and smaller invasive fields were both needed to measure the nanoscale magnetic domain features of the magnetically soft permalloy particles. To confirm that the MFM tip magnetic fields were not influencing the observed domain structure, the magnetic domain states were measured twice, once with each possible magnetization orientation in the usual collinear-with-the-tip geometry. The domain states for each of the 250 particles in the array with the same diameter was measured in the virgin state and in their remanent states after perpendicular and in-plane magnetic field saturations. Figure 1 illustrates the 850 nm particles after various magnetic field procedures. 
III. EXPERIMENTAL RESULTS AND ANALYSIS
Following Skidmore et al., 7 it is convenient to introduce a dimensionless parameter, D 0 , which is defined as the ratio of the particle diameter to the stripe period of the bulk film, taken as 400 nm. 8 In simple terms, this is the number of stripe domains that we would expect to find in a section of bulk film with a size the same as that of the diameter of the respective particle. For particles of diameter 850, 750, 600, 400, and 250 nm, D 0 is 2.1, 1.9, 1.5, 1, and 0.6, respectively. It should be noted that the number of domains observed in the particles is approximately consistent with what would be expected from the stripe period observed in bulk films. For example, in a D 0 ϭ2.1 particle, about two complete magnetization oscillations are observed.
Starting with the D 0 ϭ2.1 ͑850 nm diameter͒ particles, the domain configurations can be classified into one of the four domain structures shown in Fig. 2 . The first has three distinct circumferencial rings of magnetization which we will refer to as the three-ring state. The second state is a spiral. The third state is characterized with a domain shape similar to an ''S.'' The fourth state is similar to the first except that it has two centered, concentric rings of magnetization and will be called the two-ring state. In order to obtain the data necessary for the Boltzmann statistics, magnetic fields in two different orientations, in-plane and perpendicular-to-the-plane, were applied to the arrays. After two in-plane saturations, the frequency of observed domain states is the spiral state, the three-ring state, the ''S'' state, and the two-ring state. These states occurred with a probability of 0.63, 0.27, 0.06, and 0.04, respectively. After perpendicular saturation, less than 5% of the particles relax into states other than the three-ring state ͓see Fig. 1͑d͔͒ limiting any statistical analysis.
In the particles with D 0 ϭ1.9 ͑diameter of 750 nm͒, three distinct domain states are found ͑see Fig. 3͒ . The three-ring state observed in the D 0 ϭ2.1 particles has disappeared leaving only the two-ring structure. The spiral structure observed in the D 0 ϭ2.1 particles is still observed at D 0 ϭ1.9. In addition to these two states, a third state is observed which is similar to the first except that it has the center ring of magnetization shifted from the center of the particle to the edge. This state can be decomposed into two states, one where the center area of magnetization is circularly shaped and another where it is wedge shaped. For this article, they are considered the same. After two in-plane saturations, the particles have been observed to fill states off-centered ring, two-ring, and spiral states with a probability of 0.58, 0.25, and 0.17, respectively. After perpendicular saturation less than 2% of the particles lie in a state other than the two concentric ring state centered at the origin.
In the D 0 ϭ1.5 particles ͑diameter of approximately 600 nm͒, only two states are observed as shown in Figs. 4͑a͒ and 4͑b͒. At this size the spiral structure described in larger particles has become unstable, and only the off-centered and two-ring structures are observed. After repeated in-plane saturation, these states exist with a probability of 0.8 and 0.2, respectively.
In the particles with D 0 ϭ1 ͑diameter of 400 nm͒, only one remanent state is observed regardless of the direction of previous saturation as shown in Fig. 4͑c͒ . In the smallest particles observed in this article, those with D 0 ϭ0.6 ͑diam-eter on the order of 250 nm͒, we observe only single domain behavior as shown in Fig. 4͑d͒ . The sides of these particles show opposing contrast on opposite sides of the particle indicating an in-plane component of the remanent state.
Given the statistics for the frequency of occurrence of the different states for the D 0 ϭ2.1, 1.9, and 1.5 particles, it is interesting to consider the distributions in terms of Boltzmann statistics given by   FIG. 2 . Four distinct magnetization states observed in particles with diameters approximately 850 nm, each outlined in dashed white. The first ͑a͒ is characterized as having three concentric rings of magnetization, which may be centered on the particle or shifted. The second ͑b͒ has a spiral magnetization pattern. The third unique domain structure ͑c͒ has a shape like an S, and the fourth ͑d͒ is similar to the first but only has two concentric rings. FIG. 3 . Domain structures observed in 750-nm-diam particles with topography outlined in dashed white. At this diameter three possible states exist, a double-ring structure ͑a͒, a spiral structure ͑b͒ similar to those observed in 850-nm-diam particles, and a third ͑c͒ with its center displaced to the edge of the particle .   FIG. 4 . ͑a͒ and ͑b͒ Domain structures observed in 600-nm-diam particles with topography outlined in dashed white. Two possible states exist, a centered double-ring structure ͑a͒ similar to larger particles and another ͑b͒ with the inner displaced to the edge. Particles with approximate diameter of 400 and 250 nm are shown in ͑c͒ and ͑d͒, respectively. Only one possible remanent exists regardless of saturation direction.
where P is the probability state with energy E i occupied, k is Boltzmann's constant, and T is the temperature. Since the ''annealing'' is accomplished by the application of a saturating magnetic field perpendicular to the easy anisotropy direction, the temperature in Eq. ͑1͒ is ill-defined. However, if the energy of the most probable state is set to zero we then find the logarithm of the ratio of the probabilities for the higher energy states to be of the form
where P 1 and P i are the probabilities determined by counting states for the lowest energy ͑most probable͒ state and the ith state, and E i is the energy of the ith state. This still has the temperature in the expression, but ratios of this logarithm between different energy states will not, i.e., E i /E j is given by ln(P 1 /P i )/ln(P 1 /P j ). 
IV. DISCUSSION AND CONCLUSIONS
It is important to note that in the D 0 ϭ2.1 particles, the spiral state has the lowest in energy ͑most frequently observed͒, and the ringed structure has the highest energy ͑least frequently observed͒. In D 0 ϭ1.9, however, these same two states have the relative energies switched. One possible explanation of this result is that our application and removal of an in-plane magnetic field is not a true annealing process leading to an equilibrium distribution of states. Instead, our annealing is related to the dynamics of the relaxation. In this case, the procedure we have outlined and the statistics generated should be compared to simulations of the relaxation of the particles which could be done with Landau-LifschitzGilbert dynamics.
Another possible explanation of these results may be that defects and particle irregularities are pinning metastable domain configurations. Our previous HRMFM work on Ni particles, 7 with approximately the same range in D 0 , included micromagnetic simulations. In the simulations, the majority of the states were those with high symmetry such as the two-ring state. The lower symmetry states only showed up in the simulations as long-lived metastable states. One can then speculate that our distribution of observed states is biased by defects in the particles effectively pinning the magnetization in these metastable states.
In conclusion, we have characterized the remanent magnetic domain states observed in cylindrical, submicron sized permalloy particles that were deposited with an anisotropy energy collinear with the cylinder axes. Through the application of in-plane magnetic fields we have repeatedly ''annealed'' the particles to obtain the probability of occurrence for the various observed states. These data were used in a Boltzmann distribution to determine the energy ratios between the states. We feel it is likely these energy ratios are not true ratios of the energies of the magnetic states as the data may be complicated by the dynamics of the annealing process and the effectiveness of pinning of metastable states by defects and irregularities in the particles.
